We study the relaxation time required for the alignment between the spin of a finite-mass quark/antiquark and the thermal vorticity, at finite temperature and baryon chemical potential, in the context of relativistic heavy-ion collisions. The relaxation time is computed as the inverse of the total reaction rate that in turn is obtained from the imaginary part of the quark/antiquark self-energy. We model the interaction between spin and thermal vorticity within the medium by means of a vertex coupling quarks and thermal gluons that, for a uniform temperature, is proportional to the global angular velocity and inversely proportional to the temperature. We use realistic estimates for the angular velocities for different collision energies and show that the effect of the quark mass is to reduce the relaxation times as compared to the massless quark case. Using these relaxation times we estimate the intrinsic quark and antiquark polarizations produced by the thermal vorticity. We conclude by pointing out that, in spite of the former being larger than the latter, it is still possible to understand recent results from the STAR Beam Energy Scan when accounting for the fact that only a portion of quarks/antiquarks come from the denser and thus thermalized region in the collision.
and spin degrees of freedom and of its dependence on the collision parameters such as energy, impact parameter, temperature, and quark chemical potential.
In a previous work [20] , we have studied the relaxation time for spin and thermal vorticity alignment in a QGP at finite temperature T and quark chemical potential µ q = µ B /3, where µ B is the baryon chemical potential. For these purposes, we resorted to the computation of the quark self-energy where the interaction with thermal gluons is mediated by a phenomenological vertex that couples the thermal vorticity to spin. To make matters simpler, we performed the calculation for massless quarks whose momentum was small compared to T and/or µ q . In this work we remove such approximations and compute the relaxation time for massive quarks with arbitrary momentum.
We show that the effect of accounting for the quark mass produces that the interaction rate is larger which in turn translates into a smaller relaxation time, as compared to the massless quark case. Other attempts to compute the relaxation time using different approaches have been reported in Refs. [21, 22, 23] .
In order to present a self-contained discussion, we hereby spell out the ingredients needed for the computation, highlighting the new elements as compared to Ref. [20] . Recall that the thermal vorticity is defined as [24] 
where β µ = u µ (x)/T (x), with u µ (x) the local fluid four-velocity and T (x) the local temperature. Thermal vorticity is produced in peripheral collisions where the colliding matter develops a global angular velocity ω = ωẑ, normal to the reaction plane, that for our purposes is chosen as the direction of theẑ axis. The orbital angular momentum is due to the inhomogeneity of the matter density profile in the transverse plane [25] . For a constant angular velocity and uniform temperature, the magnitude of the thermal vorticity is given by ω/T .
Consider a QCD plasma in thermal equilibrium at temperature T and quark chemical potential µ q . The interaction rate Γ of a quark with four-momentum P = (p 0 , p) can be expressed in terms of the quark self energy Σ as
with f (p 0 − µ q ) being the Fermi-Dirac distribution. The interaction between the thermal vorticity and the quark spin is modeled by means of an effective vertex
where σ αβ = i 2 [γ α , γ β ] is the quark spin operator and t a are the color matrices in the fundamental representation. The one-loop contribution to Σ, depicted in Fig. 1 , is given explicitly by
where S and * G are the quark and effective gluon propagators, respectively. The intermediate quark line is taken as a bare quark propagator such that the inverse of the interaction rate corresponds to the relaxation time for the spin and vorticity alignment for quarks that are originally not thermalized.
In a covariant gauge, the Hard Thermal Loop (HTL) approximation to the effective gluon propagator is given by p − k k p p 
where
and m is the gluon thermal mass given by
where C A = 3 and C F = 4/3 are the Casimir factors for the adjoint and fundamental representations of SU (3), respectively.
The sum over Matsubara frequencies involves products of the propagator functions for longitudinal and transverse gluons * ∆ L,T and the Matsubara propagator for the bare quark∆ F , such that the term that depends on the summation index can be expressed as
This sum is more straightforward evaluated introducing the spectral densities ρ L,T and ρ for the gluon and fermion propagators, respectively. The imaginary part of S i , i = L, T , can thus be written as
where f (k 0 ) is the Bose-Einstein distribution. The spectral densities ρ L,T (k 0 , k) are obtained from the imaginary part of * ∆ L,T (iω n , k) after the analytic continuation iω n → k 0 + i and contain the discontinuities of the gluon propagator across the real k 0 -axis. Their support depends on the ratio x = k 0 /k. For |x| > 1, ρ L,T have support on the (time-like) quasiparticle poles. For |x| < 1 their support coincides with the branch cut of Q 0 (x). On the other hand, the spectral density corresponding to a bare quark is given by
where E 2 p = (p − k) 2 + m 2 q with m q the quark mass. The kinematical restriction that Eq. (11) imposes on Eq. (10) limit the integration over gluon energies to the space-like region, namely, |x| < 1. Therefore, the parts of the gluon spectral densities that contribute to the interaction rate are given by
Collecting all the ingredients, the interaction rate for a massive quark with energy p 0 to align its spin with the thermal vorticity is given by
where R represents the region
The polarization coefficients C L,T come from the contraction of the polarization tensors P L,T µν with the trace of the factors involving Dirac gamma matrices from the self-energy. After implementing the kinematical restrictions for the allowed values of the angle between the quark and gluon momenta, these functions are found to be
This result should be contrasted with Eq. (14) of Ref. [20] , which was computed for the massless and small quark momentum limit.
The total interaction rate is obtained by integrating Eq. (13) over the available phase space
where V is the volume of the overlap region in the collision. Recall that, for the collision of symmetric systems of nuclei with radii R and a given impact parameter b, V is given by
We use the findings of Ref. [26] for the estimate of the angular velocity ω produced in the collisions at a given energy and impact parameter. From the expression for Γ in Eq. (15), we study the parametric dependence of the relaxation time for spin and vorticity alignment, defined as In dashed lines, massless quarks [20] for √ s N N = 10, 200 GeV with ω 0.12, 0.10 fm −1 , respectively. In solid lines, massive quarks for √ s N N = 10, 200 GeV with ω 0.06, 0.04 fm −1 , respectively, using the findings of Ref. [26] . corresponding to the mass of the strange quark. Notice that τ 5 fm for the temperature range 150 MeV < T < 200 MeV, where the phase transition is expected. In this temperature range, the relaxation times are smaller than the ones found in Ref. [20] . This may seem counter-intuitive given that a finite quark mass reduces the available phase space. However, notice that the new terms in Eq. (14) as compared to Eq. (14) of Ref. [20] , compensate this reduction and contribute significantly to a higher interaction rate. Figure 3 shows the temperature dependence of the relaxation time for antiquarks, for two different collision energies and chemical potentials at an impact parameter b = 10 fm. Again, we use for the antiquark mass m q = 100
MeV, corresponding to the mass of the strange antiquark. The relaxation times for antiquarks for the temperature range 150 MeV < T < 200 MeV satisfyτ 5 fm and are also smaller than the corresponding relaxation times found in Ref. [20] . Ref. [27] such that
where µ B and T are given in MeV. For the estimate of the angular velocities corresponding to a given collision energy, we have used the findings of Ref. [26] . The open symbols correspond to extrapolated values for these angular velocities. Notice that the relaxation times for quarks show a monotonic growth as a function of the collision energy.
In contrast, the corresponding relaxation times for antiquarks have a minimum for collision energies in the range 30 GeV √ s N N 50 GeV. Figure 5 shows the intrinsic global polarization [28] for quarks (z) and antiquarks (z), given by
as functions of time t for semicentral collisions at an impact parameter b = 8 fm, for √ s N N = 19.6 GeV. Notice thatz < z, however, both intrinsic polarizations tend to 1 for t 10 fm. From this figure, we also notice that, even if the QGP phase lasts for less than 10 fm, a finite intrinsic global polarization, both for quarks and antiquarks, can still be expected.
When the intrinsic global polarization of strange quarks and antiquarks is preserved during the hadronization process, one might expect that these polarizations directly translate into the corresponding Λ and Λ polarizations.
This would in turn imply that the former should be expected to be larger than the latter, as opposed to the findings of Ref. [18] . A hint that this is not necessarily the case has been recently put forward in Ref. [29] where the source of Λs and Λs in the reaction zone is modelled as composed of a high-density core and a less dense corona.
Although both regions partake of the vortical motion, Λs and Λs coming from one or the other could show different polarization properties as their origins are different: in the core they come mainly from QGP induced processes, whereas in the corona they come from n + n processes. When this fact is combined with a larger abundance of Λs as compared to Λs in the corona region together with a smaller number of Λs coming from the core as compared to those coming from the corona -which happens for semi-central to peripheral collisions-an amplification effect for the Λ polarization can occur. This is more prominent for small collision energies. An explicit calculation of the consequences of this interplay between core and corona for Λ and Λ production is currently under way and will be reported elsewhere.
